Purpose To evaluate whether PET/CT could be used to assess the extent of colorectal peritoneal metastases. Methods All patients who underwent a PET/CT scan before a CRS-HIPEC procedure between January 1, 2010 and December 31, 2013 were retrospectively included (n = 35). Two nuclear medicine physicians (observer 1 and observer 2) separately reviewed the scans on intraperitoneal abnormalities. A simplified PCI was used to compare the extent of rPCI versus sPCI. Results Included patients had a median age of 60.6 years. Histology of primary tumors were 51.5% adenocarcinomas, 37.1% mucinous adenocarcinoma, and 11.4% SRCC. Median sPCI was 9.5 (5.0-11.8) and median rPCI was 5.0 (3.0-7.0) for observer 1 and 4.0 (3.0-6.0) for observer 2 (p = 0.02 and p = 0.01, respectively). When compared to the surgical data, PET/CT showed a poor correlation for assessing the extent of PC for both adenocarcinoma (observer 1 rho -0.17, p = 0.51 and observer 2 rho 0.13, p = 0.61) as well as mucinous carcinoma or SRCC (observer 1 rho 0.44, p = 0.08 and observer 2 rho 0.38, p = 0.14). Conclusion PET/CT underestimates the extent of PC during surgery in both mucinous and non-mucinous CRC and is not recommended for intraperitoneal tumor scoring.
Background
Peritoneal carcinomatosis (PC) is a common manifestation of colorectal cancer (CRC) with a prevalence of up to 7% at the time of diagnosis of the primary tumor [1, 2] . PC has long been considered an incurable condition with very limited treatment options. Patients with colorectal PC have a poor prognosis with a median survival of 5-9 months without (palliative) therapy [3] . In the past years, studies have 1 3
shown that treatment with cytoreductive surgery (CRS) and hyperthermic intraperitoneal chemotherapy (HIPEC) can increase survival and even cure the condition [4, 5] . However, CRS-HIPEC is associated with high-therapy-related morbidity (30-40%), mortality (3%), and high costs [5] . It is also a procedure which requires a long surgery time and often a long revalidation process, with an impaired quality of life scoring until 3 to 4 months post-operative [6, 7] . Therefore, patient selection is important to prevent unnecessary surgery and costs. Besides age and general condition, the presence of extraperitoneal metastases, the extent of peritoneal involvement, and the prediction of degree of successful cytoreduction are the most important selection criteria for the complete procedure [8] . In patients with colorectal PC, computed tomography (CT) of the thorax, abdomen, and pelvis is generally used to exclude extraperitoneal disease [9] . However, CT has shown poor results in assessing the extent of PC [10, 11] . Extent of PC has a major prognostic impact, high tumor load is an important reason for discontinuation of CRS-HIPEC [12, 13] . Historically, in the Radboud University Medical Centre Nijmegen a PET/ CT scan was performed to rule out extraperitoneal disease in all patients with colorectal cancer scheduled for HIPEC procedure. Currently, contrast-enhanced CT is used to stage patients with colorectal PC, which is in line with national and international guidelines. The primary aim of the current retrospective study was to investigate whether PET/CT can also have a role in the non-invasive assessment of the extent of PC and to compare these results with the surgical data.
Methods
A retrospective evaluation of [ 18 F]F-FDG-PET/CT (PET/ CT) results by two independent nuclear medicine physicians was performed.
Patients
This study was performed in accordance with local medical ethical guidelines. Sixty-two patients underwent a PET/CT scan between January 1, 2010 and December 31, 2013 prior to a CRS-HIPEC procedure. After exclusion 35 patients were retrospectively included, patients were included if the PET/CT was performed to rule out extraperitoneal disease in order to determine whether the patient would be a suitable CRS-HIPEC candidate. Patients who underwent a PET/CT scan before CRS-HIPEC with a different indication were excluded from the current study (n = 19). Six patients were excluded because the PET/CT showed extraperitoneal disease. Two patients who had undergone a PET/CT were excluded because that the clinical condition progressed so that a CRS-HIPEC procedure was not indicated. None of the included patients were diabetics that used metformin. As the study did not require any patient-related interventions or experiments, assessment by the Institutional Review Board (IRB) was waived.
[ 18 F]F-FDG PET/CT examination
Patients included before November 2011(n = 11) were scanned on the Biograph duo PET/CT scanners (Siemens Medical Solutions USA, Inc., Knoxville, TN, USA). Scanning parameters included 40 mAs (50 mAs for patient weight > 100 kg (220 lbs) and 60 mAs for > 120 kg (260 lbs)), 130 kV, 5 mm (0.20 in) slice collimation, 0.8 s rotation time and pitch of 1.5, reconstructed to 3 mm (0.12 in) slices for smooth coronal representation. 
Surgical peritoneal cancer index
To determine the extent of PC we used the Peritoneal Cancer Index (PCI) as reported by Sugarbaker et al. [15] . The PCI divides the abdomen/pelvis into 13 regions. Each region is given a lesion size score (LSS) depending on the size of the largest lesion. The LSS can range from 0 to 3: LSS-0, no tumor seen; LSS-1, tumor up to 0.5 cm (0.2 in); LSS-2, tumor up to 5.0 cm (2.0 in); LSS-3, tumor > 5.0 cm (2.0 in) or confluent growth. The PCI score is the sum of each score given to each region and it can range from 0 to 39. Surgical PCI (sPCI) is based on visual an tactile assessment. No comparison was made with histological PCI.
PET/CT based peritoneal cancer index
The PET/CT scans were separately evaluated by an experienced nuclear medicine physician (observer 1) with 15 years of PET experience and a nuclear medicine resident (observer 2) with 4 years of PET experience. Both physicians were blinded to clinical, surgical, histopathological and other radiological data regarding the patients. To assess the extent of PC on the [ 18 F]F-FDG scans a PCI PET/CT score (rPCI) was calculated for each patient (Figs. 1, 2) . In each region the largest tumor was determined by measuring the transaxial diameter and each region was given a score from 0 to 3 (Score 0; no tumor seen; score 1, tumor up to 0.5 cm (0.2 in); score 2, tumor up to 5.0 (2.0 in) cm; score 3, tumor > 5 cm (2.0 in)). Because we expected difficulty in distinguishing whether the tumor was located in the small bowel or the peritoneal cavity, we decided to simplify the rPCI by limiting the evaluation of the PET/CT scan to the nine abdominal regions as proposed by Berthelot et al. [16] . The rPCI ranged from 0 to 27 as only the regions 0-8 were taken into account.
Comparison of radiological and surgical PCI
Because the rPCI only takes 9 regions into account and sPCI all 13 regions, the sPCI was simplified to compare both results. As proposed by Berthelot et al. [16] the simplified surgical PCI score combined the regions 9-10 with region 0 and the regions 11 and 12 with region 7. The largest tumor from regions 0, 9, and 10 and the largest tumor from regions 7, 11, and 12 were scored. The rPCI, as well as the sPCI ranged from 0 to 27.
Statistical analysis
The results consisted of nominal and continuous variables. The continuous variables were expressed as mean and standard deviation. Continuous variables without normal distribution were expressed as median and interquartile ranges. We used the Wilcoxon signed-rank test to compare continuous variables without normal distribution. The Pearson product moment correlation coefficient was used to assess the correlation between rPCI and sPCI. The interclass correlation coefficient was used to determine interobserver correlation. The correlation coefficient was calculated for two groups based on tumor histology: (1) adenocarcinoma and (2) mucinous or signet ring cell carcinoma (SRCC). Statistical analyses were performed using the Statistical Package for Social Sciences, Version 20.0 (IBM Corp., Armonk, NY, USA). The level of significance was set at p < 0.05. Table 1 shows the baseline characteristics of the included patients. Median interval between PET/CT scan and the operation was 33 (25-53) days. For the patients with adenocarcinoma, the median sPCI was 9.5 (5.0-11.8), the median rPCI was 5.0 (3.0-7.0) for observer 1, and 4.0 (3.0-6.0) for observer 2. There was a significant difference between the median sPCI and the median rPCI for both observers (p = 0.03 for observer 1 and p = 0.003 for observer 2). For the patients with mucinous carcinoma or SRCC, the median sPCI was 11.0 (5.5-15.0), the median rPCI was 3.0 (1.5-6.0) for observer 1, and 4.0 (2.5-5.5) for observer 2. There was a significant difference between the median sPCI and the rPCI for both observers (p = 0.02 for observer 1 and p = 0.01 for observer 2). A poor correlation between both PCI scores was found in the group of patients with adenocarcinoma (observer 1 rho -0.17, p = 0.51 and observer 2 rho 0.13, p = 0.61) as well as the group of patients with mucinous carcinoma or SRCC (observer 1 rho 0.44, p = 0.08 and observer 2 rho 0.38, p = 0.14). However, a good interclass correlation coefficient was found between the rPCI of both observers (ICC 0.83 p < 0.001). Two patients underwent an explorative laparotomy but had too extensive PC for a successful cytoreduction and the procedure was aborted. The pre-operative PET/CT scan poorly predicted the tumor load for both patients. The first patient had rPCI of 2 (observer 1) and 4 (observer 2). The second patient had rPCI of 6 (observer 1) and 3 (observer 2).
Results
To gain information about the specificity of detecting macroscopic tumor load, a subgroup analysis was performed in which patients who had at least 1 peritoneal implant of > 5 cm (2.0 in) detected during surgery were included (n = 21). The subgroup analysis also showed a poor correlation between sPCI and rPCI (observer 1 rho 0.06; p = 0.85 and observer 2 rho 0.05 p = 0.87). The rPCI of patients scanned before November 2011 did not differ from the patients scanned after November 2011.
Discussion
The present study demonstrated that PET/CT underestimates the extent of PC when compared to the intraoperative findings, which is in line with the results reported in the literature [11, [16] [17] [18] . An earlier study evaluating metastatic patterns of colorectal carcinoma showed that mucinous carcinoma and SRCC more frequently metastasize to the peritoneum compared to adenocarcinoma (48%, 51%, and 20%, respectively) [19] . Especially in mucinous carcinoma or SRCC an underestimation might occur due to the fact that these histological subtypes are generally less [ 18 F]F-FDG avid, probably due to the relative hypocellularity of these tumors [20] . Therefore, it seems more difficult to assess the extent of the PC of these histological tumor types, which unfortunately are common subtypes in patients scheduled for CRS-HIPEC [21] . The PCI score was underestimated by PET/CT regardless of the histological typing. Small peritoneal metastases are easily missed by PET/CT due to its limited image resolution. Secondly, it is difficult to distinguish peritoneal metastases from increased physiological FDG-uptake in the intestines. Another reason for underestimation might be the median time between the PET/CT scan and surgery (33 days). Surgical assessment has also been shown to overestimate PCI scoring, possibly adding to the gap between scoring methods [16] . Further limitations of the current study are the retrospective character and relatively small number of cases. Three studies showed similar results compared to the present study [11, 20, 22] . Dromain et al. [20] included 55 patients with PC from colorectal origin. PC was detected by PET/CT in 96% of the patients with non-mucinous histology and in 60% of the patients with mucinous histology. When comparing the surgical results with the PET/CT results for the extent of PC, an adequate correlation (ρ = 0.623) for patients with non-mucinous tumors and a poor correlation for patients with mucinous tumors (ρ = − 0180) was found. The difference between patients with non-mucinous histology and mucinous histology is in contrast with results of the present study. De Vos et al. quantified the extent of PC by using the modified 7 region count (7RC), whereas the present study used the modified PCI score. The PCI is the most accepted method in scoring PC, furthermore it has been identified as a separate prognostic factor for patients with PC [23] [24] [25] . This might explain the difference in results between both studies. In a retrospective study of 58 patients, Pasqual et al. [26] found that PET/CT did not detect PC in 17% of the patients and underestimated the extent of PC in 43% of the cases. Four studies showed more favorable results for PET/CT in the detection of PC [16] [17] [18] 27] .These studies included patients with various primary tumors (colorectal, gastric, ovarian, pseudomyxoma peritonei, mesothelioma), [16] [17] [18] while our study focused on colorectal PC. Colorectal PC has a different biology and prognosis compared to other origins of disease. The inclusion of different disease origins might cause heterogeneity in the study population when investigating limits of detection methods like PET/CT. Pfannenberg et al. [17] compared both PET and CT and fused PET/CT for the extent of PC, using a contrast-enhanced PET/CT scan where abnormalities not related to FDG-uptake were also interpreted as positive. In the present study, however, patients underwent a PET/CT scan with a low-dose CT. Using a contrastenhanced PET/CT (especially with mucinous tumors) might improve the accuracy of rPCI. Different outcomes might also be explained by the fact that Pfannenberg et al. had a mean sPCI of 18.6 ± 11.6, whereas in the current study the mean sPCI was 11.8 ± 6.8 (p < 0.001). It might be more difficult to correctly score patients based on imaging with less extensive peritoneal disease, probably consisting of smaller lesions. CT tends to have lower sensitivity in smaller lesions and is deemed not reliable in lesions smaller than 5 cm [28, 29] . Also, the evaluation of CT is dependent of the radiologist, possibly leading to outcome bias [10] . Klumpp et al. [18] compared the diagnostic accuracy of contrast-enhanced PET/CT and MRI in relation to the surgical results. A diagnostic accuracy of 94% for PET/CT and 88% for MRI was found. Dubreuil et al. [30] assessed the prognostic impact of contrast-enhanced PET/CT in peritoneal mesothelioma. A diagnostic accuracy of 87% was found with a sensitivity and specificity of 86% and 89%, respectively. Liberale et al. [27] focused on colorectal PC. Their study found a correlation of 77% between sPCI and rPCI, but specific PCI scores were not described. Berthelot et al. [16] showed a good correlation between the PET/CT and the surgical assessment of the extent of PC (ρ 0.615; p = 0.0005). They also found a good correlation between rPCI and histological data. Compared to the histological PCI (hPCI), the sPCI was overestimated (hPCI 9.5 ± 5.6 vs. sPCI 12.3 ± 8.0, p < 0.05). Reasons for surgical overestimation might be due fibrous non-malignant tissue or adhesions mimicking visual and tactile characteristics of PC during surgery. Therefore, the rPCI might correlate better with hPCI than with sPCI. This might explain the difference in PCI scoring in the current study.
Conclusion
Defining which lesions are malignant and which are nonmalignant before surgery might reduce the amount of resected tissue and potentially the impact of CRS. PET/CT has been shown to have a better diagnostic value compared to PET, CT and MRI [17, 18] . However, our findings suggest that the rPCI does not correlate with the sPCI in colorectal PC. It might deem useful to further study the correlation between histological and PET/CT scoring of peritoneal malignancies and its clinical relevance. Based on our findings, we do not recommend using [ 18 F]F-FDG-PET/CT for pre-operative assessment of extensiveness of peritoneal malignancies.
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